We present a method for determining the 3D intensity distribution of directed laser radiation with micrometer resolution in restricted volumes. Our method is based on in-coupling and guiding properties of optical fibers, with the current version requiring only few hundred micrometers. We characterize the performance of the method and experimentally demonstrate profiling of micrometer sized laser beams. We discuss the limiting factors and routes towards a further increase of the resolution and beam profiling in even more restricted volumes. Finally, as an application example, we present profiling of laser beams inside a micro ion trap with integrated optical fibers.
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Introduction
A method for measuring 3D intensity distribution of directed laser radiation in a volume-restricted environment may be of importance in many different laser light based fields of industry and science. For example, it would allow for diagnostics of optical communication devices (e.g. fiber multiplexers), including fast diagnostics during manufacturing, final quality control and service of such devices. Micro beam profiling may as well be an important tool in connection with optical data storage, where extremely focused and high quality laser beams are needed and quick high quality beam diagnostics in restricted volumes is essential. Another example is multi-photon Raman spectroscopy [1] , where several focused laser beams with required sizes should be carefully overlapped in space. Furthermore, in the fast growing field of experimental quantum optics, miniaturization of atomic particle traps with integrated optical elements, e.g. micro optical resonators and optical waveguides, plays one of the key roles [2, 3] . In such experimental configurations it is desirable to know to a high degree the characteristics of the beams emerging after the integrated optics. Although there are many commercially available solutions for beam profiling, none of them so far allowed to perform the beam characterization in-situ in restricted environments to check the quality of the assembly and characterize the optical part of the integrated system.
Existing directed laser radiation profiling techniques can be divided into three classes. The first class is based on direct projection of the whole laser beam onto a two-dimensional array of photo sensitive pixels such as photodiodes or a CCD chip for the following profile analysis [4] . The second class is based on a controlled shading of the laser radiation and recording the corresponding intensity reduction of the uncut beam. The shading can be done using a knife edge [5] , a translating slit [6] , a pinhole [7, 8] , a rotating mirror [9] or a wire [10] . The third class is based on spectroscopic [11, 12] or thermographic [13, 14] methods. The first two classes in the present form require bulky detectors in the vicinity of the measuring point both in the radial and axial extensions. The latter class, additionally, is based on properties of a medium around the measured laser beam and, therefore, is applicable only for special types of lasers.
Here we present a beam profiling method allowing micrometer resolution and requiring available "working volumes" of at most only several hundred micrometers across around the measuring position, which is enough to introduce our detector head based on the optical fiber. Additionally, the same method can be used to find the intersection point of several directed laser radiation sources even in volumes with restricted access to the laser beams. Finally, the micrometer resolution enables to use the devise for pointing stability measurements of directed laser radiation.
Principle of operation
The scanning part of our probe is a slanted tip of an optical fiber, see Fig. 1 .
Directed laser radiation enters the fiber from the side. The operation of our beam probe is based on the interplay of three physical effects. First, the polished side of the optical fiber acts as a mirror to guide the light into the mode of the optical fiber, see the inset of Fig. 1 . Second, at the fiber tip interface, laser radiation from only a micrometer-size area is coupled into the guiding mode of the fiber. Finally, the coupled light is guided to a remote photo-detector. This results in an electrical signal proportional to the laser radiation intensity at the position of the fiber tip. Scanning the position of the probe tip, one can reconstruct the 3D profile of the laser radiation pattern.
The efficient side in-coupling into the fiber probe can be done either by using reflection coating of the polished surface or relying on total internal reflection • for the vertical (red) and the horizontal light polarizations (black).
(TIR) on the glass-air (vacuum) interface. The last method does not require extra coating, but only polishing at the proper angle θ. If the beam in-coupling angle α, see the inset of Fig. 1 , is larger than the critical angle for total internal reflection, then just polishing of the fiber is enough to ensure reflection and does not require expensive reflection coating. Ideally, the reflecting side should be at exactly θ = 45
• , but the TIR condition is not satisfied at this angle for all silica optical fibers in air at typical wavelengths. Additionally, since at the boarder of the TIR condition the reflection is polarization sensitive, it is desirable to work in a deep TIR regime to avoid sensitivity to slight misalignments. The area above the red line in Fig. 2a shows the calculated TIR region for a multimode fiber GIF62.5 at 866 nm. The reflected light should at the same time be within the numerical aperture of the optical fiber in order to be coupled into the fiber guiding mode, see the area between the blue lines in Fig. 2a . The nonzero overlap between these areas around α = 0
• allows the operation of our probe. Therefore, as far as we reach the TIR regime, the spatial selectivity of our probe is polarization insensitive and is mainly defined by the in-coupling efficiency into an optical fiber.
Generally, profiles recorded with this technique are convolutions of a beam shape with a transmission function (TF) of the scanning probe. In the simplest case of coupling light from a free propagating Gaussian beam into a normal cut single mode fiber, the TF of the probe is well approximated by a Gaussian [15] . Assuming that the slanted end of the fiber works just as a mirror (neglecting the lensing effect of the curved entrance surface), the corresponding transmission of the fiber probe as the function of the displacement d in the x − y-plane at the beam waist is an overlap between the incoming beam and the fiber guiding mode: Consequently, the smaller is w f , relative to the beam size, the tinier is the contribution from the convolution.
At the same time, the amount of transmitted light drops with the reduction of w f . Much higher coupling efficiency can be reached with a multimode fiber. In this case the efficiency is given by an overlap between the incoming beam and all guiding modes of the fiber. Generally, it is quite difficult to analytically account for all the guiding modes of a multimode fiber. Therefore, it is more practical to directly calibrate the width measured with such a fiber probe using some independent method, for example a knife edge, see Fig. 3 . Such calibration once performed, can be used in all further measurements with this probe.
Characterization of the probe
Depending on the laser beam sizes, fiber beam profilers can be based on fibers with different core sizes. For beam sizes larger than ca. 20 µm one can choose multimode fibers with the core diameters of several tens of micrometers. Whereas for smaller beam sizes one can choose single mode fibers. We have manufactured and characterized several of such fiber probes.
We first characterized the properties of a fiber beam profiler based on a multimode fiber GIF62.5 with θ = 45
• , which corresponds to the vertical dashed line in Fig. 2a . Figure 2b shows a measured transmission as the function of the in-coupling angle α for two light polarizations. We clearly observe strong polarization dependence for α < −5
• as we approach the TIR edge and polarization independence for higher angles.
Second, we manufactured a probe based on the same fiber but with θ = 46
• , allowing us to reliably profile beams at an angle α = 0
• . We used this probe to measure radial profiles of beams with different waists. These beams were independently characterized using the knife edge method to perform the calibration of the probe, see Fig. 3 . Since the measured beam size is a convolution of the original beam shape with the TF, for beam sizes comparable with the fiber core radius of 31.25 µm we observe deviation from the curve with the slope one, corresponding to a probe with infinitely narrow TF. At the same time, for larger beam sizes this deviation is negligible.
Third, to demonstrate the operation of a beam profiler based on a single mode fiber, we manufactured a probe with θ = 46
• based on a fiber SM800-5.6-125 with the effective core radius w f = 2.9 µm at 866 nm. For this small w f the contribution from the convolution is below 10 % even for beams as small as w b = 6.5 µm. Figure 4a shows the beam waists measured with this probe, compared to the knife edge method. Therefore we do not see now in the measured range any significant deviations from the line with slope one. 
Conclusion and outlook
We have used our fiber probe for in-situ characterization of beams from two single mode lensed fibers inside a micro ion trap, see Fig. 5a . Using this method we aligned the fibers so that both beams are crossing at the center of the ion trapping region and characterized the beams afterwards. Figure 5b shows an example of a 1D scan through one of the beams at λ = 397 nm.
We have presented and successfully experimentally tested a beam profiling method with micrometer resolution capable of working in spatially restricted environments. Our technique requires available "working volumes" of at most only several hundred micrometers across in the vicinity of the measuring position, which is enough to introduce our detector head. A further reduction of the working volume and increase of the resolution can be achieved by radial etching, tapering of the fiber or structural coating of the in-coupling tip.
